Recent advances indicate that, in various chronic inflammatory disorders, the activation of the immune system is triggered locally rather than in lymphoid organs. In this study, we have evaluated whether the humoral alloimmune response involved in chronic rejection is elicited within the graft. We used the rat aortic interposition model and microdissected the adventitia of the graft. Over time, the T cell infiltrate shifted toward a B helper phenotype. B lymphocyte clusters were detected and were the site of intense proliferation and apoptosis. Simultaneously, adventitial vascular endothelium acquired a high endothelial venule phenotype. Similar features were evidenced in the interstitium of chronically allografts (hearts and kidneys). Strikingly, ganocultured graft interstitial tissue was found to be the site of production of antibodies directed against donor MHC-I molecules. These findings, therefore, document the appearance of germinal centers in chronically rejected tissues. This lymphoid neogenesis implies that the graft is not only the target of the alloimmune response but also a site where this response actually develops, so as to optimize the communication between the targeted tissue and the immune effectors.
D
espite recent advances in transplantation, the long-term outcome of transplanted organs remains impeded by chronic rejection (1) . Accumulating evidence suggests that humoral immunity (2) (3) (4) and, particularly, alloantibodies directed against donor MHC I molecules (5) (6) (7) (8) are critical in the pathogenesis of chronic vascular rejection.
Clinically, chronic rejection is responsible for a slow deterioration of graft function, which correlates with typical histological changes. Excluding organ-specific manifestations, the most common histopathological feature is chronic vascular rejection, also known as allograft arteriosclerosis, characterized by widespread and diffuse narrowing of the vascular lumen as a result of intimal proliferation of smooth muscle cells and fibroblasts and destruction of smooth muscle cells from the media (9) (10) (11) (12) . Chronic vascular rejection is also typified by an abundant adventitial inflammatory infiltrate (9) . We therefore evaluated whether the humoral alloimmune response was elicited within the adventitia of the graft. In such case, chronic vascular rejection would be similar to other chronic inflammatory disorders in which tissue destruction results from a vicious circle maintained by an uncontrolled local immune response.
We demonstrate the involvement of intragraft lymphoid neogenesis in the development of chronic rejection in an animal model, based on aortic transplantation between histoincompatible strains of rats (13) (14) (15) (16) . We show that the adventitial inflammatory infiltrate harbors a secondary lymphoid organ structure and that anti-donor MHC I antibodies are produced within these structures. Additionally, we provide insights into the clinical relevance of these observations because similar lymphoid structures were detected in the interstitium of human chronically rejected grafts.
Materials and Methods
Animals. Age-matched male Brown-Norway (BN; RT1 n ) and Lewis rats (LEW; RT1 l ) were obtained from Charles River Breeding Laboratories. LEW rats were used as recipients and syngeneic donors and BN rats were used as allogeneic donors. All animal experimentation was undertaken in compliance with the European Community standards (authorization no. 75-214). Animals were kept under conventional conditions and fed a standard diet.
Aorta Transplantation. Rats were anesthetized with 50 mg͞kg pentobarbital injected i.p. Two animals were operated simultaneously, one as the donor of aortic graft and the other as the recipient, with the aid of an operating microscope. A 1-cm-long segment of the donor abdominal aorta was excised, perfused with normal saline, and small collateral arteries that originated from the graft were ligated. The donor aorta was transplanted in orthotopic position by end-to-end anastomosis in the recipient aorta below the renal arteries and above the iliac bifurcation. We used the 94 of 100 animals that survived to the surgical procedure. No immunosuppressive or anticoagulant treatment was used. At 10 days, 1 month, and 2 months posttransplantation, aortic grafts were removed from the Lewis recipients under anesthesia and perfused with saline. These three time points were selected in accordance with one of our previous studies (17) , which showed that they correspond, respectively, to three successive stages of the rejection process. Indeed, the cellular cytotoxic response takes place 10 days posttransplantation, followed by the humoral response and scarring process, respectively, 1 and 2 months posttransplantation.
Fresh aortic samples were dissected and embedded in paraffin or snap frozen immediately in optimal cutting temperature (OCT) medium (Tissue-Tek, Agar Scientific, Stansted, Essex, U.K.) in liquid nitrogen.
Isolation of Adventitial Cells. Cells within the adventitia of the graft were isolated as described in ref. 18 by microdissection, digestion in a collagenase I solution (GIBCO͞Invitrogen), and filtration through 100-m nylon meshes.
Antibodies. The following mouse anti-rat mAbs (Serotec) were used: anti-TCR␣␤ (R73; T cells), anti-CD4 (OX35; helper T cells), anti-CD8␣ (OX8; cytotoxic T cells), anti-CD134 (OX40), anti-RT1-B (OX6; MHC II molecule), and anti-ED1 (macrophages). In addition, anti-CD25 (OX39; RIL-2 receptor ␣ chain), anti-IFN␥ antibodies, and adequate murine isotypic controls were used (BD Pharmingen). B lymphocytes were detected with anti-rat Ig chain antibodies (MARK 1, Lo-Imex, Brussels) for flow cytometry and with anti-pan B cell antibodies (RLN-9D3; Serotec) for immunohistology. Heavy-chain isotypes of surface immunoglobulins on B lymphocytes were defined with anti-␦ (MARD-3) and anti-(MARM-4) antibodies (Lo-Imex).
Immunohistological Analysis. Cryosections were air dried and fixed in acetone. Endogenous biotin and avidin were blocked (BiotinAvidin Block, DAKO). We used a biotin-conjugated horse anti-mouse secondary antibody (Vector Laboratories). Immunohistochemical staining was revealed by using alkaline phosphatase anti-alkaline phosphatase complexes. Alkaline phosphatase was detected by incubation with a revelation substrate (fast red salt dissolved in Tris buffer containing naphthol and levamisole) prepared just before use. Sections were counterstained with hematoxylin.
Flow Cytometry. Detection of cell-surface antigens. Cells (0.1 million) were stained with FITC-, phycoerythrin (PE)-, or biotin-conjugated mAbs. Biotinylated mAbs were revealed with streptavidin-PE (BD Biosciences). After washing, cells were fixed in PBS containing 1% of formaldehyde. Fluorescence was detected by using a FACScan and analyzed by using the program CELLQUEST (BD Biosciences). Cells were counted in a tight electronic gate set on the lymphocyte cluster on the forward and side scatter plot. Detection of intracellular IFN␥. Measurement of IFN␥ production was performed by combined surface and intracellular staining with mAbs and subsequent three-color flow cytometric analysis. Adventitial lymphocytes were stimulated with phorbol 12-myristate 13-acetate (50 ng͞ml; Sigma-Aldrich) and ionomycin (1 g͞ml; Calbiochem) for 6 h and cytokine secretion inhibited by treatment with 10 g͞ml brefeldin A (Alexis, Lausanne, Switzerland) the last 2 h of incubation. Stimulated cells were washed and stained with FITC-conjugated anti-TCR␣␤ antibodies and with CyChromeconjugated anti-CD4 or PerCP-conjugated anti-CD8␣ antibodies. Double-labeled cells were fixed and permeabilized with a 0.1% saponin solution (Sigma-Aldrich). Intracellular staining was performed with a PE-conjugated anti-rat IFN␥ antibody. Cells were washed twice in a 0.1% saponin solution and resuspended in PBS for flow cytometry analysis. Cells were counted in a tight electronic gate set on the lymphocyte cluster on the forward and side scatter plot. CD4 ϩ and CD8 ϩ cells expressing IFN␥ were counted among TCR␣␤-positive cells.
Apoptosis. The TUNEL technique (19) was used to detect apoptosis. In situ 3-end labeling of apoptotic DNA was performed by using Apotag Peroxidase kits (Oncor) on paraffin-embedded sections, following the manufacturer's instructions. Briefly, after dewaxing, rehydration, and blocking of endogenous peroxidase, 3-hydroxy-DNA strand breaks in permeabilized tissue sections were enzymatically labeled with digoxigenin-nucleotides, by using terminal deoxynucleotidyl transferase. The labeled DNA was then bound with antidigoxigenin antibody peroxidase conjugate, and the peroxidase color reaction was developed with a 3-amino-9-ethyl carbazole substrate.
Proliferation. Cell proliferation was assessed by immunohistochemistry of proliferating cell nuclear antigen (PCNA) as described in ref. 20 . The monoclonal Ab PC 10 (Dakopatts) was applied to paraffin-embedded sections after antigen retrieval in a microwave oven for 5 min in 0.1 M EDTA buffer (pH 8.0).
Transmission Electron Microscopy. Electron microscopy analysis was performed on aortic grafts 10 days (10 grafts) and 2 months (5 grafts) after transplantation. Aortic graft specimens were harvested, immediately fixed in 2.5% glutaraldehyde in PBS buffer, postfixed in 4% osmium tetroxide, and embedded in Epon resin.
Semithin sections (1-2 m thick) were used to locate vascular tissue in the adventitia of the graft. Ultrathin sections (50-80 nm thick) were prepared, stained with lead citrate and uranyl acetate, and observed with a Zeiss EMI transmission electron microscope. Temporal changes in the morphology of endothelial cells of graft adventitial arterioles, venules, and capillaries were tracked.
In Vitro Production and Characterization of Alloantibodies. Organoculture. Microdissected adventitia of aortic grafts and untouched thoracic aortas, draining lymph nodes, and spleens were recovered from 20 Lewis recipients 1 month posttransplantation and placed in cold sterile X-VIVO 15 serum-free medium (Cambrex, Walkersville, MD) with 100 units͞ml penicillin͞streptomycin and 25 g͞ml Fungizone (GIBCO). Tissues were washed three times in fresh medium. Each sample was fragmented with a sterile razor blade, placed into 2 ml of fresh medium, and cultured in 24-well plates at 37°C under hyperoxic conditions (80% O 2 ͞20% CO 2 ). Culture supernatants were recovered after 4 days of culture. Specificity of locally produced antibodies. The analysis of the specificity of the antibodies present in the organoculture-derived supernatants was performed by flow cytometry by using Lewis (recipient) fibroblasts expressing or not expressing Brown-Norway (donor) MHC I molecules. These cells were obtained as follows. The cDNA for RT1-A1 n (nucleotide sequence from the EMBL database, accession no. X90375.1) was cloned in the BamH1 site of the pLXLJ vector and transfected into ⌿ 2 cells as described in refs. 21 and 22. Culture supernatants from the G418-resistant ⌿ 2 cells were used to infect Lewis fibroblasts (LEW-F). LEW-F cells expressing stable levels of functional RT1-A1 n molecules were selected with G418 (GIBCO) at 0.5 mg͞ml. All transfected LEW-F cells (LEW-FϩA1 n ) expressed RT1-A1 n as assessed by flow cytometry using the OX27 monoclonal antibody [mouse anti-rat MHC I, specific for RT1-A1 n (23), data not shown]. Appropriate isotypic controls were used (BD Biosciences).
One hundred microliters of each organoculture-derived supernatant were incubated with 200,000 LEW-F or LEW-FϩA1 n cells for 30 min at 4°C. The binding of antibodies on the cell surface was then determined with an anti-rat Ig light-chain FITC-conjugated antibody (MARK 1), by measuring the mean fluorescence intensity in a FACScan flow cytometer.
Processing of Human Tissues. Patients. Human tissue samples were obtained from patients during their follow-up at Necker Hospital. Five heart grafts were obtained from pediatric recipients (three males and two females, all Caucasians, with a mean age of 9.4 Ϯ 0.7 years). These heart grafts were harvested at the time of retransplantation (mean transplantation period of 6.4 Ϯ 3.6 years) required because of terminal chronic rejection inducing graft failure. Fifteen kidney grafts were obtained from adult recipients (nine males and six females, all Caucasians, with a mean age of 41.7 Ϯ 3.8 years). These patients underwent transplant nephrectomy after return to hemodialysis because of kidney graft failure. In 10 patients, indication for graft removal was terminal chronic rejection after a mean transplantation period of 8.7 Ϯ 5.6 years. For the 5 remaining patients, transplant nephrectomy was performed after a transplantation period of Ͻ3 months because of primary graft failure (two graft arterial thrombosis, two graft vein thrombosis, and one ureteral necrosis). Five additional kidneys were removed for renal cancer (three males and two females, all Caucasians, mean age 50.7 Ϯ 6.4 years). Five to 24 samples from each organ were studied by hematoxylin-eosin on paraffin sections to localize inflammatory cells. The reference number of inflammatory cells in a kidney was set as compared with the number found in the tissues away from the tumor. Immunofluorescence. Indirect immunohistochemical stainings were performed by using a streptavidin-biotin complex method (24) . Serial sections were deparaffinized and rehydrated. Endogenous peroxidase activity was blocked by methanol͞H 2 O 2 . Tissue sections underwent heat-induced antigen retrieval (25) with citrate buffer (15 min at 100°C). The following mouse anti-human antibodies (DAKO) were used: anti-CD20 (L26; anti-pan B cells), anti-CD3 (polyclonal; anti-pan T cells), anti-CD23 (MHM6; anti-follicular dendritic cells), and anti-Ki67 (MiB1; proliferation marker). The primary antibodies were applied to the sections by using dilution predetermined for optimal staining, followed by incubation with biotin-conjugated goat anti-mouse antibodies and streptavidinbiotin horseradish peroxidase complex (SABC͞HRP; DAKO). Peroxidase activity was revealed by 3-amino-9-ethyl carbazole. The sections were counterstained with hematoxylin.
Statistical Analysis. Data were analyzed by using the program STATVIEW 5.0 (Abacus Concepts, Berkeley, CA). The statistical significance of the results was determined by one-way ANOVA followed by Fischer's probable least square difference tests. P values of Ͻ0.05 were considered as statistically significant.
Results

Kinetics of Aortic Allograft Adventitial Inflammatory Infiltration.
Lewis rats were transplanted with Brown-Norway abdominal aortas and were killed at 10 days, 1 month, and 2 months posttransplantation. Grafts were harvested at each time point for analysis of their microanatomy and cellular composition. Aortic allografts presented a time-dependent leukocyte adventitial infiltration (Fig. 1) . This infiltrate was mainly constituted of lymphocytes and ED1-positive macrophages. Most of the T cells infiltrated in the graft were located in the adventitial layer. The infiltrate increased between 10 days and 1 month posttransplantation, and T cells accumulated as a massive circumferential ring with external nodular reinforcements (Fig. 1) . These nodules were enriched in CD4 ϩ T lymphocytes, whereas CD8 ϩ T lymphocytes had a more diffuse distribution (data not shown). The number of macrophages and T cells decreased at 2 months, leaving an acellular fibrous scar. By this time, medial smooth-muscle cells had disappeared from the graft (Fig. 1) . Conversely, control isografts were devoid of leukocyte infiltration, but for a few scattered ED1-positive macrophages transiently present in the adventitia at day 10 ( Fig. 1) , which likely participate in surgical wound healing. These observations were corroborated by flow cytometry quantitative analysis on cell suspensions obtained after microdissection and enzymatic digestion of the graft adventitial layer (data not shown).
Adventitial Vascular Endothelium Acquires a High Endothelial Venule
(HEV) Phenotype. Because we did not detect inflammatory cells across the medial layer, it seemed likely that the recruitment of leukocytes in the adventitia could be due to modifications of the permeability of the vasa-vasorum endothelium. Changes in the phenotype of endothelial cells in the adventitia of aortic grafts were, therefore, sought by electron microscopy. Ten days after transplantation, endothelial cells in certain venules, but not in arterioles, had acquired a HEV-like phenotype (Fig. 2A) . These endothelial cells were plump, with large quantities of cytoplasm, and had an increased organelle content. The nuclei were ovoid with variable degrees of folding and widely dispersed granular heterochromatin. The luminal surface displayed numerous microvillous projections and protruded into the vessel lumen, creating intercellular clefts (Fig. 2B) . Remarkably, these HEVs were detected exclusively in adventitial areas containing lymphocyte nodules (Fig. 2 A) . Noninflammatory areas of the adventitia displayed venules with normal flat endothelial cells (Fig. 2C) . Two months posttransplantation, adventitial inflammatory infiltrates were found to have resorbed and adventitial venular endothelial cells had resumed a normal phenotype (data not shown). These observations suggest that the acquisition of a HEV phenotype by venular endothelial cells in the adventitia is temporally and spatially correlated with the inflammatory infiltrate.
T Cell Infiltrates Acquire the Capacity to Help B Cells. Adventitial T cell infiltrates examined by flow cytometry 10 days posttransplantation were composed of Ϸ50% of CD4 ϩ T cells and Ϸ50% of CD8 ϩ T cells. The proportion of CD4 ϩ T cells as compared with CD8 ϩ T cells increased at 1 month (Fig. 3A) . Concomitantly, the percentage of cells expressing the MHC II (RT1.B) and CD134 molecules increased among CD4 ϩ but not among CD8 ϩ T cells (Fig. 3 C and D) , whereas both CD4 ϩ and CD8 ϩ T cells lost their capacity to secrete IFN␥ (Fig. 3D) . Taken together, these data point to a shift in the immune response. Down-regulation of the initial cellular cytotoxic alloimmune response was associated with the emergence of CD4 ϩ T cells that may display the capacity to help B cells to mature. the presence of B cells, exclusively in the adventitial layer (Fig. 4) . These cells were clustered in nodular aggregates located in the outer part of the graft adventitia and were surrounded by a ring of T cells. We also noted that B cell clusters were larger at 1 month than on day 10 (data not shown).
The Adventitial Inflammatory Infiltrate Is Structured as a Secondary
Lymphoid Tissue. To characterize the B cell nodules further, aortic allograft paraffin-embedded sections were stained with antibodies to the different Ig heavy-chain isotypes. As in germinal centers, cores of immature double-positive IgM ϩ and IgD ϩ B cells were surrounded by mature single-positive IgM ϩ B lymphocytes (data not shown), and the adventitial B cell aggregates were the site of intense proliferation and apoptosis, as documented by the PCNA staining and the TUNEL assay, respectively (Fig. 4) .
Antibodies Produced in the Adventitia Are Directed to Donor MHC I
Molecules. Adventitia, draining lymph nodes, and spleen were cultured so as to collect immunoglobulins produced within these tissues. The supernatants of these cultures were tested on Lewis (recipient) fibroblasts, transfected (LEW-FϩA1 n ) or not transfected (LEW-F) with the RT1-A1 n Brown-Norway (donor) MHC I molecules. Reactivity of antibodies against these cells was evaluated by flow cytometry. Antibodies against the donor MHC I molecules (RT1-A1 n ), i.e., binding to LEW-FϩA1 n cells and not to the untransfected control cells, were present in all of the supernatants from allogeneic grafts (Fig. 5A) . Strikingly, whereas the amounts of adventitial tissue placed in culture were far less abundant than for cultured spleens or draining lymph nodes, adventitial tissue produced as much alloantibodies as did the spleens and significantly more than did draining lymph nodes (Fig. 5 A and B) . Supernatants from the adventitia of thoracic aortas from grafted animals contained no antibodies (data not shown).
Ectopic Germinal Centers Are Present in Chronically Rejected Human
Kidney and Heart Grafts. To evaluate the clinical relevance of the previous observations, we studied surgically removed human heart and kidney grafts by histology. Remarkably, germinal-center-like structures were detected in samples from grafts undergoing chronic rejection (Fig. 6) but not in control organs. Indeed, neither kidneys removed for renal cancer nor renal grafts that were removed early and were therefore devoid of chronic rejection lesions displayed ectopic germinal centers (data not shown). In striking contrast, germinal-center-like structures located in the interstitial tissue were detected in all chronically rejected hearts and kidneys (Fig. 6 A and  B) . The core of these structures was composed of proliferating Ki67 ϩ cells (Fig. 6D) and B cells (Fig. 6C ) in close proximity with CD23 ϩ follicular dendritic cells (Fig. 6E) . This core was surrounded by CD3 ϩ T cells (Fig. 6F) .
Discussion
In this study, we report previously undescribed immunoinflammatory events closely associated with chronic allograft rejection. Our results suggest that interstitial events play a crucial role in the development of chronic rejection. Evidence obtained from The evolution of the polarization of the adventitial T cell infiltrate was followed by measuring the percentage of IFN␥-producing lymphocytes by using combined surface and intracellular staining with anti-␣␤TCR (R73), anti-CD4 (OX35), anti-CD8 (OX8), and anti-IFN␥ mAbs. * , P Ͻ 0.05; ** , P Ͻ 0.01; *** , P Ͻ 0.001; d10 vs. M1; each symbol represents an animal, and the bold line represents the mean value. a rat model of chronic vascular allograft rejection was confirmed on chronically rejected human graft samples.
In the experimental model, we show that (i) the number of leukocytes infiltrating the adventitia is related to the amount of allogeneic targets in the graft; (ii) the cellular contents of these infiltrates evolves over time and contains mostly CD4 ϩ T helper lymphocytes at 1 month posttransplantation; (iii) at 1 month, the adventitial CD4 ϩ T cells express MHC II molecules and CD134, suggesting that they have the capacity to provide help to B cells; (iv) B cells infiltrate into the adventitia; (v) the adventitial inflammatory infiltrate is organized as a secondary lymphoid tissue, including acquisition by the nearby venular endothelial cells of a HEV-like phenotype; and (vi) a humoral alloimmune response against the donor MHC I molecules is elicited within the adventitial ectopic germinal centers. We also show that (vii) similar ectopic germinal centers are detected in the interstitial tissue of human heart and kidney chronically rejected grafts. Altogether, these findings suggest that the graft is not only a target for the alloimmune response but is also a site where the humoral alloimmune response is mounted.
The T cell infiltrate composition at 10 days likely reflects a cytotoxic T cell function, because CD8 ϩ T cells producing IFN␥ are abundant. Whereas this initial cellular cytotoxic alloimmune response can rapidly destroy accessible donor endothelial cells, donor smooth-muscle cells, which are protected by elastic lamina, persist in the media 1 month posttransplantation (ref. 17 and data not shown). A previous study has indicated that the immune system uses an alternative strategy to reach the residual allogeneic targets in the media. Indeed, alloantibodies able to cross elastic lamina and induce apoptosis of smooth muscle cells are found in the media (7) . Accordingly, we found, at 1 month, that the major part of the T cell infiltrate is composed of CD4 ϩ T cells expressing MHC II molecules, considered to be an activation marker for T cells, and CD134 (OX40), which is expressed on T cells that provide help to B cells (26) . Although the phenotype of the T cells present at 1 month posttransplantation in the adventitia suggests that these lymphocytes are involved in the B cell maturation, further studies are required to confirm this hypothesis. An original technical contribution of this work was to set up a tool to quantify the leukocyte infiltrate in the interstitial tissue over time by flow cytometry. Strikingly, and in contrast to previous immunohistological studies (15, 27) , this technique allowed us to detect B cells in the adventitial infiltrate of the allograft. The B cells displayed a highly organized nodular disposition that might have prevented their prior detection. Indeed, immunohistological study showed that a ring of singlepositive IgM ϩ B lymphocytes surrounded a core of immature double-positive IgM ϩ and IgD ϩ B cells. Our data suggest that these nodules could be ectopic germinal centers.
Because, in most of the inflammatory lesions, the various cells in the infiltrate are not noticeably spatially coordinated, the presence of these highly organized lymphoid structures within the adventitial inflammatory infiltrate was unexpected and raises the question concerning their origin. These germinal centers could arise either from preexisting vascular lymphoid structures or as de novo struc- . 6 . Ectopic germinal centers are present in human kidney and heart grafts. Human heart and kidney grafts removed because of chronic rejection were studied by histology to determine whether a lymphoid neogenesis process could be detected. Four-micrometer-thick sections of chronically rejected kidney (A) and heart (B) stained with hematoxylin and eosin displayed germinal-center-like structures in the interstitial tissue nearby a vascular structure (black arrows). Indirect immunohistochemical single staining was performed after a streptavidin-biotin complex method on sections of kidney samples. The following mAbs were used: anti-Ki67 (MiB1, proliferation marker) (C); anti-CD20 (L26, anti-pan B cells) (D); anti-CD23 (MHM6, antifollicular dendritic cells) (E); and anti-CD3 (polyclonal, anti-pan T cells) (F). Original magnifications, ϫ50 (A-D) and ϫ100 (E).
tures. Wick and coworkers (28) have described a developmentally programmed vascular-associated lymphoid tissue (VALT), which is located in the subendothelial layer of nondiseased arteries. Because the lymphoid structures that we describe are not observed in nondiseased arteries and are exclusively detected in the adventitia, we believe that they are not related to the VALT. Conversely, the adventitial lymphoid architecture that we report could be similar to germinal-center-like organizations originating from the inflammatory infiltrate as de novo structures in nonlymphoid tissues. This process, known as lymphoid neogenesis (29) , has been described in various tissues subjected to chronic autoimmune aggressions (30, 31) or microbial infections (32) . We report here lymphoid neogenesis in alloimmunity.
Germinal centers are generally regarded as specific of developmentally programmed secondary lymphoid organs (lymph nodes, Peyer's patches, and spleen). Because, in these compartmentalized structures, antigen-driven maturation and T cell-dependent activation of naïve B lymphocytes takes place, our observations suggest that naïve alloimmune B cells could be educated within the graft. This hypothesis raises new perspectives regarding the sites able to sustain the initiation of the adaptive immune response to a solid organ allograft. Since the late 1960s, the ''peripheral sensitization'' concept ascribes to the donor endothelial cells lining vascularized grafts the capacity to activate the allospecific naïve T cells (33) . Our study suggests that, in addition to the cell-mediated alloimmune response, the humoral reaction can also be initiated within the graft.
The aggregation of additional observations provides further evidence that the B cell nodules are ectopic germinal centers. First, the B cell nodules observed in the adventitia of allografted aortas were the site of intense proliferation and apoptosis, in accordance with the intensive cell turnover of germinal centers where B cells undergo proliferative rounds and apoptosis associated with somatic hypermutation of their B cell receptor. Second, the spatial compartmentalization of IgM ϩ and the IgM ϩ IgD ϩ B cells is the same as in germinal centers. Third, adventitial CD4 ϩ T cells expressed CD134 (OX40). Interestingly, CD134 ϩ cells are found in the T cell zone of lymphoid organs after priming with antigen and the OX40-OX40L interaction is necessary for the in vivo differentiation of activated B cells into highly Ig-producing cells (34) . Finally, we show that adventitial venular endothelial cells, located within the lymphoid infiltrates, acquired a HEV-like phenotype. HEVs are postcapillary venules specialized in lymphocyte trafficking and are characteristic of lymphoid organs (35) . This finding is in accordance with the observation that peritubular capillary endothelium acquires HEV-like properties during acute renal allograft rejection (36) . Next, we speculated that the capacity to acquire secondary lymphoid structures, in which B cells would undergo antigen-driven maturation, could be a general feature of interstitial tissue of chronically rejected organs. Interestingly, lymphoid structures have been recently described in murine cardiac allografts undergoing chronic rejection (37) . In our study, we extend this finding to human transplantation. Indeed, germinal centers were systematically found in the interstitium of chronically rejected human kidney and heart grafts.
To provide evidence for functional significance of these lymphoid structures in chronic rejection, we had to obtain antibodies produced locally. This technical hurdle was overcome by performing hyperoxic organocultures of adventitia, lymph nodes, and spleen. We demonstrate that the adventitia from aortic graft (but not from the untouched thoracic aorta of the same rat) produces antibodies and that these antibodies are specific for donor MHC I molecules.
In conclusion, the interstitial immunoinflammatory infiltrate organizes itself like a secondary lymphoid structure during chronic rejection. In these local germinal centers, alloantibodies responsible for graft injury are produced. The mechanisms responsible for triggering this lymphoid neogenesis remain to be elucidated. It could result either from a program intrinsic to the local tissue that would be instigated by the chronic inflammation or a general behavior of the immune system that would improve its efficiency by reducing the distance between the effectors and the targets while locally restricting the response. The price to pay for such a local strategy might be that its inadequate control maintains a deleterious ongoing local inflammation. At any rate, the lymphoid neogenesis might be considered as a new therapeutic target in chronic rejection.
